R
egeneration is a process that occurs in many tissues, but in the nervous system it has the special meaning of axon growth, not cell replacement. Axon regeneration is a motile process, and growth cones at the elongating axon tip express receptors that mediate responses to environmental signals. In the peripheral nervous system, regeneration occurs spontaneously after nerve injury. In the central nervous system (CNS), however, damaged nerves do not regenerate, which is why brain and spinal cord injuries are so devastating. It is now well established that the lack of regeneration in the CNS is explained in large part by an unfavorable growth environment, and by the presence of growth inhibitory molecules. Schwab and his colleagues (1) were the first to discover a potent growth inhibitory activity in the CNS, and to show that much of this inhibitory activity is associated with myelin. Subsequently, two important myelin-derived growth inhibitory proteins have been identified, myelin-associated glycoprotein (MAG) and Nogo (2-6). To understand growth inhibition in the CNS, the neuronal receptors to growth inhibitory molecules need to be characterized. The neuronal receptor for Nogo was discovered last year, and it is a protein with no obvious intracellular signaling domain (7) . By contrast, the MAG receptor has remained elusive. The report by Vyas et al. in this issue of PNAS (8) provides evidence that gangliosides GD1a and GT1b are neuronal receptors that mediate inhibition by MAG.
MAG was the first myelin-derived growth inhibitory molecule to be reported, and the discovery of the inhibitory activity of MAG was made independently by two groups (2, 3) . MAG had been cloned long before its growth inhibitory activity was revealed (9) , and the new role for MAG was unexpected. The more recent discovery of Nogo created tremendous interest, especially because three different groups published their findings simultaneously (4 -6) . The Schwab group (10) accomplished the biochemical purification of Nogo, and provided the peptide data used for cloning. The comparison of MAG and Nogo show similar growth inhibitory activity (5) . Thus, MAG, like Nogo, is a very potent growth inhibitory protein, but MAG has not received as much attention. This is, in part, because the discovery of MAG as a growth inhibitory protein was at first controversial, which led to confusion in the scientific community. MAG had been previously described as a cell adhesion molecule that favored axon growth (11) , and was also known to be present in peripheral nerve myelin. These facts seemed at odds with the new growth inhibitory activity. It is now clear that embryonic and postnatal neurons respond differently to MAG, and that there is a developmental switch in the neuronal response to MAG (12) . A lthough early experiments were performed with embr yonic neurons that are not inhibited by MAG, this was not realized at the time. Other important studies have now clarified this issue and shown that adult neurons are inhibited by MAG. Filbin and collaborators (13) discovered that high cAMP levels in developing neurons override the growth inhibitory response to MAG. Growth inhibition by MAG can be blocked with drugs that increase cAMP signaling (14, 15) . Also, the presence of MAG in peripheral nerve myelin was confusing. In retrospect, the lack of inhibitory activity previously reported for peripheral nerve myelin resulted from copurification of laminin from the basal lamina. Laminin can override the growth inhibitory activity of MAG (16) . Moreover, despite its presence in peripheral nerve myelin, MAG does not block regeneration. Peripheral nerve myelin is cleared before axon regeneration by macrophages. In mutant mice that cannot clear myelin, there is a lack of axon regeneration. When MAG-null mutant mice were bred with the mice that fail to clear myelin, peripheral nerve regeneration was restored (17) . These experiments highlight the importance of MAG in blocking axon regeneration in vivo.
Like the determination of the function of MAG, the identification of the MAG receptor has had an ignominious fate because it has proven difficult to characterize. It was expected that the MAG receptor would be a typical transmembrane protein, but a definitive protein receptor has eluded discovery, even though many have tried. MAG binds sialic acid on sialyated glycans and sialoglycoproteins (18, 19) . Neuraminidase treatment of neurons to remove sialic acid blocks the inhibitory effect of MAG on neurite growth (12, 19, 20) . Mutational studies of MAG further demonstrated the importance of MAGbinding to sialic acid for biological activity (19) . The major brain gangliosides that include GD1a and GT1b were shown to interact with MAG (21), but gangliosides are glycolipids, not proteins. Notably, Vinson et al. (22) showed that neurite growth is reduced by addition of soluble GD1a and GT1b to neurons plated on MAG Chinese hamster ovary cells, and that anti-GD1a antibodies bock growth inhibition by MAG. These experiments clearly indicated that gangliosides bind to MAG, and suggest GT1b as a candidate receptor. The question remained whether gangliosides on neuronal cell surfaces can be considered true MAG receptors. In their article in this issue of PNAS, Vyas et al. (8) show that GD1a and GT1b can account for neurite growth inhibition on inhibitory substrates. To be MAG receptors, gangliosides should: (i) bind MAG and be expressed by neurons that are inhibited by MAG; (ii) trigger growth inhibition on permissive substrates when activated; and See companion article on page 8412. *E-mail: mckerral@patho.umontreal.ca.
To understand growth inhibition, the neuronal receptors to growth inhibitory molecules need to be characterized.
(iii) be known to signal to intracellular intermediates that mediate growth inhibitory signaling. Clear evidence is presented by Vyas et al. (8) that gangliosides GD1a and GT1b meet these criteria.
The key experiment by Vyas et al. (8) reveals that ganglioside clustering is sufficient for inhibition of neurite growth. In cells grown on permissive substrates, multivalent clustering of gangliosides totally blocked neurite growth in the absence of inhibitory molecules. In addition, Vyas et al. (8) confirm the effects of neuraminidase, and demonstrate with specific antibodies that both GD1a and GT1b can mediate growth inhibition. They also showed that blockade of neuronal ganglioside synthesis, either enzymatically or by studying neurons from transgenic mice engineered to lack gangliosides, prevented growth inhibition by MAG. Evidence that ganglioside clustering by antibodies is sufficient to signal growth inhibition has also been provided by Vinson et al. (22) . A critical aspect of this latter study was to show that inhibition of neurite growth by anti-GT1b antibodies is reversed by an inhibitor to Rho kinase (22) . Vyas et al. (8) agree that Rho is likely to be the key signaling intermediate.
How can gangliosides signal growth cone collapse in the absence of an intracellular signaling domain? Likely, through ganglioside clustering in membrane rafts that include known signaling proteins on the cytoplasmic side (Fig. 1) . In membrane rafts, glycosyl domains such as those that form the complex structure of gangliosides have such importance in signaling that the microdomain signaling complexes have been called ''glycosynapse'' (23) . Clustering of gangliosides in a glycosynapse would activate proteins in the raft specialized for signaling. The best candidate is Rho, a small GTPase known to partition in membrane rafts (23, 24) and that mediates growth inhibition by MAG (25) . Rho activates, among many substrates, a serine͞threonine kinase called Rho kinase (Fig. 1) . Microdomain signaling complexes that function as a unit for MAG signaling are consistent with the known effects of cAMP in blocking MAG inhibition. Elevated cAMP activates protein kinase A (PKA). Phosphorylation of Rho by PKA causes Rho to dissociate from the membrane (26) , which also would dissociate Rho from the ganglioside raft. Thus, elevated cAMP can indirectly block the Rho signaling pathway by disrupting the receptor signaling complex. The idea of glycosynapses in growth cones is supported by the observation that growth cones have several different types of membrane rafts (27) .
Much experimental evidence supports MAG signaling to Rho. Dominant negative mutation of Rho blocks the ability of neurons to respond to the growth inhibitory property of MAG, and inactivation of Rho allows long neurite growth on MAG substrates (25) . Inactivation of Rho kinase reverses inhibitory ganglioside signaling (22) . More recently, Rho-GTP pull down assays have provided direct evidence of MAG signaling to Rho (M. Winton, C. Dubreuil, N. Leclerc, D. Lasko, and L.M., unpublished data). Inactivation of Rho or inactivation of Rho kinase not only prevents growth inhibition, but promotes axon regeneration and functional recovery in vivo after spinal cord injury (28) . Taken together, these data provide strong evidence that gangliosides are true MAG receptors that block axon growth by activating Rho. This finding is important because of the widespread expression of GD1a and GT1b in the nervous system.
Inhibitory signaling of MAG through
Rho is also of significance in terms of signaling by other growth inhibitory proteins that are likely to use the same pathway. In their experiments, Vyas et al. (8) also tested substrates of extracted myelin proteins containing other inhibitory proteins (2) . Surprisingly, their treatments to block ganglioside interaction with MAG completely blocked growth inhibition by the more complex inhibitory substrates. These results suggest that ganglioside signaling to Rho is a dominant signaling pathway and Rho may be a convergent point for signaling by different inhibitory receptors, such as the Nogo receptor. If Rho is essential for inhibitory signaling, then it could become an important therapeutic target to overcome growth inhibition in the CNS. Thus, further study of ganglioside membrane microdomains and Rho signaling will be of critical importance to understanding mechanisms of growth cone collapse and growth inhibition. The identification of the MAG receptor is another step forward for studies of spinal cord injury and axon regeneration in the nervous system.
Note Added in Proof.
A new report suggests that MAG binding to GT1b signals to Rho through p75 neurotrophin receptor (29) .
I thank Matthew Winton for help preparing Fig. 1 . 
